All relevant data are within the paper and its Supporting Information files. In addition, metabolic raw data are available from [dx.doi.org/10.6084/m9.figshare.1461684](http://dx.doi.org/10.6084/m9.figshare.1461684).

Introduction {#sec001}
============

Fruits contain abundant flavor-enhancing and nutritional metabolites that improve human health and longevity. During the development and ripening of fruits, the decomposition of starch produces sugars. At the same time, some types of fruit accumulate colorful metabolites such as anthocyanins and carotenoids or emit fragrant metabolites such as terpenes and phenol esters that attract seed-dispersing birds and animals and help propagate the species. Previous studies on fruits have often focused on metabolites that are directly associated with taste, color, fragrance, and/or nutrition in edible, already ripened fruits \[[@pone.0131408.ref001], [@pone.0131408.ref002]\]. However, fruits also contain many other metabolites that are biologically active, but are not directly associated with fruit quality; moreover, fruits likely contain several unidentified metabolites, particularly species-specific secondary metabolites, similar to those in non-fruiting plants. Furthermore, few studies have examined the changes in metabolite levels in still-developing fruits. A better understanding of metabolic variations during fruit development would potentially improve our understanding of the fundamental biological processes in agriculturally important fruit plants. It would also boost horticultural programs that aim at generating commercially superior fruits with better palatability, nutrient balance, and health benefits.

Plant hormones play critical roles in plant growth and development, fruit ripening and senescence, and physiological responses to biotic and abiotic stresses. Fruit development alone includes a variety of physiological processes, including cell division and enlargement, all of which may rely heavily on plant hormone balance \[[@pone.0131408.ref003]\]. However, the quantification of plant hormones is more difficult than that of other metabolites because of their much lower concentrations relative to other metabolites. Recent developments in analytical technology have nonetheless enabled the simultaneous detection of most plant hormones \[[@pone.0131408.ref004]\], thus allowing a broad but thorough analysis. Recently, sugars have been reported as factors that signal fruit ripening \[[@pone.0131408.ref005]\]. Therefore, metabolomic analyses that includes plant hormones and sugars is necessary to understand fruit physiology during development and ripening.

In this study, we applied a comprehensive analysis of various metabolomic systems to the development and ripening of pear fruits of *Pyrus communis* L. 'La France', a rosaceous fruit produced worldwide that has a unique "melting" texture. The cultivar 'La France' is the largest pear fruit produced in Japan. Metabolomic analyses included (a) capillary electrophoresis time-of-flight mass spectrometry (CE-TOF MS) for ionic metabolites, including amino acids and organic acids; (b) liquid chromatography quadrupole time-of-flight mass spectrometry (LC-QTOF MS) for neutral metabolites such as polyphenols; (c) liquid chromatography triple quadrupole mass spectrometry (LC-tripleQ MS) for plant hormones; and (d) high-performance liquid chromatography (HPLC) for sugars. These techniques have revealed that there are variations in metabolites, including plant hormones, during fruit development and ripening of pear fruits. Therefore, the final purpose of our study was to identify the physiological roles of metabolites in pear fruits.

Materials and Methods {#sec002}
=====================

Plant materials {#sec003}
---------------

Pear fruits (*Pyrus communis* L. 'La France') were harvested from a private orchard in Yamagata Prefecture, Japan (lat. 38°11ʹN and long. 140°28ʹE) in 2010 and 2011 with the permission of the owner. Receptacles were removed at 2 weeks before blooming (2WBB), 1 week before blooming (1WBB), the time of blooming (B), and 2 weeks after blooming (2WAB). Furthermore, peeled and deseeded fruits were collected at 1 month after blooming (1MAB), 2 months after blooming (2MAB), 3 months after blooming (3MAB), 4 months after blooming (4MAB), and the time of harvesting (H; 5 months after blooming) and 1 month after harvesting (1MAH; ripened fruits) and used for subsequent metabolomic analyses. These samples were transferred from the orchard to the laboratory as quickly as possible and were then frozen in liquid nitrogen. The frozen samples were weighed and then crushed using a homogenizer. The crushed pear fruits were placed in conical tubes and stored at --80°C until extraction. At least three biological replicates were prepared for each sample.

Sample extraction {#sec004}
-----------------

Crushed and frozen samples (10 g) were resuspended in 50 mL of MeOH, including internal standards for standardization of peak areas, and centrifuged (16,000 × *g*, 3 min, 4°C). Supernatants were dispensed for each analysis as follows: 0.5 mL for ionic metabolites, 1 mL for neutral metabolites, 1 mL for sugars, and 47.5 mL for plant hormones. Because of the small amounts of pear fruit samples obtained in the early periods (2WBB, 1WBB, and B), the initial amounts of these samples were 1 g, extracted in 20 mL of MeOH, and were separately used for each analysis as described above. The residues were subsequently used for starch analysis.

Metabolite profiling using CE-TOF MS {#sec005}
------------------------------------

For the analysis of ionic metabolites, hydrophobic and high molecular weight compounds were removed by the preparative processes of liquid--liquid separation using chloroform and water, and ultrafiltration using a 5 kDa cutoff filter, respectively, prior to the metabolomic analyses \[[@pone.0131408.ref006]\]. Comprehensive analysis of ionic metabolites using CE-TOF MS was performed as previously reported \[[@pone.0131408.ref007]\].

Untargeted metabolome analysis by LC-QTOF-MS {#sec006}
--------------------------------------------

Extracts (1 mL) containing the internal positive and negative standards 2.5 μM lidocaine and 10-camphorsulfonic acid, respectively, were analyzed using LC-QTOF-MS (LC, Waters Acquity UPLC system; MS, Waters Xevo G2 Q-Tof). Analytical conditions were as follows: LC column, Acquity bridged ethyl hybrid (BEH) C18 (1.7 μm, 2.1 mm × 100 mm, Waters); solvent system, solvent A (water containing 0.1% formic acid) and solvent B (acetonitrile containing 0.1% formic acid); gradient program, 99.5%A/0.5%B at 0 min, 99.5%A/0.5%B at 0.1 min, 20%A/80%B at 10 min, 0.5%A/99.5%B at 10.1 min, 0.5%A/99.5%B at 12.0 min, 99.5%A/0.5%B at 12.1 min and 99.5%A/0.5%B at 15.0 min; flow rate, 0.3 mL/min; column temperature, 40°C; MS detection: capillary voltage, +3.0 keV, cone voltage, 25.0 V, source temperature, 120°C, desolvation temperature, 450°C, cone gas flow, 50 L/h; desolvation gas flow, 800 L/h; collision energy, 6 V; mass range, m/z 100‒1500; scan duration, 0.1 s; interscan delay, 0.014 s; mode, centroid; polarity, positive; Lockspray (leucine enkephalin): scan duration, 1.0 s; interscan delay, 0.1 s. The data matrix was aligned with MassLynx version 4.1 (Waters). After alignment, deisotoping, and cutoff of low-intensity peaks (fewer than 500 counts), intensity values of the remaining peaks were divided by those of lidocaine (\[M+H\]+, *m/z* 235.1804) and 10-camphorsulfonic acid (\[M-H\]-, *m/z* 231.06910) for normalization. MS/MS data were acquired in ramp mode under the following analytical conditions: (1) MS: mass range, *m/z* 50--1500; scan duration, 0.1 s; interscan delay, 0.014 s; and (2) MS/MS: mass range, *m/z* 50--1500; scan duration, 0.02 s; interscan delay, 0.014 s; data acquisition, centroid mode; collision energy, ramped from 10 to 50 V. In this mode, MS/MS spectra of the top 10 ions (\>1000 counts) in an MS scan were automatically obtained. When the ion intensity was less than 1000, MS/MS data acquisition was not performed. The secondary metabolites were chemically assigned by deciphering MS/MS spectra \[[@pone.0131408.ref008]\].

Sugar and starch analysis {#sec007}
-------------------------

One milliliter of the MeOH extract obtained for sugar analysis was evaporated to dryness and dissolved in 0.75 mL of water. The same volume of 1% (w/v) mannitol (as an internal standard) solution was added to the sample solution, and this mixture was used for subsequent sugar analysis. Sugars (glucose, fructose, sucrose, and sorbitol) were quantified by HPLC according to the conditions described below. The analytical conditions of HPLC were as follows: column, Shim-pack SCR101-C column, 70°C; solvent, distilled water; flow rate, 1 mL/min, isocratic; detection, RI detector (HITACHI L-7490). For starch analysis, the residues of sample extracts were used. An alcohol-insoluble residue was prepared using the method described by Murayama *et al*. \[[@pone.0131408.ref009]\]. For starch quantification, the dried alcohol-insoluble residue was first suspended in distilled water and boiled for 30 min. After cooling, the gelatinized starch was digested with amyloglucosidase (from *Aspergillus niger*; Roche Applied Science) in 50 mM sodium acetate buffer (pH 4.5). The released glucose was measured using the glucose oxidase--peroxidase method of Barham and Trinder \[[@pone.0131408.ref010]\].

Quantification of plant hormones using LC-tripleQ MS {#sec008}
----------------------------------------------------

Fifteen plant hormones were detected and quantified using stable isotopes of each hormone and LC-tripleQ MS analyses were performed as previously reported \[[@pone.0131408.ref006]\]. Briefly, methanol extracts were evaporated and resuspended in 5 volumes of 80% MeCNaq. containing 1% AcOH with internal standards and deuterated plant hormones, for quantification, and then extracted by mixing occasionally on ice for 1 h. After centrifugation, the pellet was resuspended and extracted with the same volume of the solvent described above, and supernatants were mixed. The MeCN was evaporated and the residual solution was purified using solid-phase extraction columns. Brassinosteroids required further purification by HPLC.

Metabolomic data analysis and statistics {#sec009}
----------------------------------------

Data describing the quantified or relative amounts of metabolites were integrated into one sheet. These data were standardized by subtraction of the averages from each amount and division of the resulting values by the standard deviations. The standardized data were subjected to principal component analysis (PCA) and hierarchical clustering analysis (HCA) using DrDMass (<http://kanaya.naist.jp/DrDMASS/>) \[[@pone.0131408.ref011]\] and PermutMatrix (<http://www.lirmm.fr/~caraux/PermutMatrix/>) \[[@pone.0131408.ref012]\], respectively. In HCA, Euclidean distance and Ward's minimum variance were used as a dissimilarity and a linkage rule, respectively.

Analysis of protein-derived amino acids {#sec010}
---------------------------------------

Crushed and frozen samples (500 mg) were resuspended in 1 mL of 50 mM phosphate buffer (pH 7.0), maintained on ice for 30 min, and then centrifuged (12,000 × *g*, 30 min, 4°C). The supernatant (400 μL) was mixed with 1.2 mL cold acetone and placed in a freezer at --30°C for 120 min. After centrifugation of the mixture (12,000 × *g*, 5 min, 4°C), the supernatant was carefully discarded and the pellet was suspended in 600 μL of water.

Performic acid reagent was prepared by mixing 30% (w/w) H~2~O~2~ and 98% (w/w) formic acid at a ratio of 1 to 9. The solution was mixed for 1 h at room temperature \[[@pone.0131408.ref013], [@pone.0131408.ref014]\]. The reagent (12.5 mL) was added to the sample solution (600 μL) and refrigerated at 4°C for 16 h. Most of the reagent was then removed under reduced pressure using a rotary evaporator (N-1000; EYELA, Tokyo, Japan). After evaporation, the sample was resuspended in 15 mL of 6 N HCl and then transferred to a screw-capped tube. The tube was placed in an oil bath (HOA-50A; ASONE, Tokyo, Japan) at 130°C for 20 h. The reagent was again removed under reduced pressure on a rotary evaporator and dissolved in 1 mL of MeOH. A total of 500 μL of this MeOH solution was used for CE-TOF MS analysis as described above. Total protein was quantified by the Bradford method \[[@pone.0131408.ref015]\].

Results {#sec011}
=======

Pear fruit development {#sec012}
----------------------

Fruit weights determined at each sampling point were used to characterize the development of pear fruits over time ([Fig 1](#pone.0131408.g001){ref-type="fig"}). Samples taken at 2WBB, 1WBB, and the time of B showed only slow development of the receptacle, which is the part that grows into the actual fruit (0.012 ± 0.0016 g, 0.021 ± 0.0010 g, and 0.024 ± 0.0011 g, respectively, presented as mean ± standard deviation). At 2WAB, the fruit weight had rapidly increased to 0.32 ± 0.014 g. The fruit developed at a similar rate until the time of H, leading to an approximately 13,500-fold increase in the fruit weight compared to the B sample. In the ripening sample taken at 1MAH, the average fruit weight decreased slightly, although not significantly.

![Fresh weight of pear fruits during development and ripening.\
Sampling times were at 2 weeks before blooming (2WBB), 1 week before blooming (1WBB), the time of blooming (B), 2 weeks after blooming (2WAB), 1 month after blooming (1MAB), 2 months after blooming (2MAB), 3 months after blooming (3MAB), 4 months after blooming (4MAB), the time of harvesting (H), and 1 month after harvesting (1MAH). The values from 2WBB to 1MAB are shown in the inset. Error bars indicate standard deviations of three replicates.](pone.0131408.g001){#pone.0131408.g001}

Metabolomic analyses of pear fruits {#sec013}
-----------------------------------

For time-course metabolomic analyses, pear fruits were extracted with methanol and further prepared depending on the analytic technique used. Using CE-TOF MS, 218 ionic metabolites, including amino acids, organic acids, nucleosides, nucleotides, sugar phosphates, and polyamines, were detected in pear fruits. LC-TOF MS detected 18 neutral metabolites, including flavonoids. Fifteen plant hormones were quantified using LC-tripleQ MS. The three primary sugars (glucose, fructose, and sucrose), a sugar alcohol (sorbitol), and starch were quantified using HPLC. [S1 Fig](#pone.0131408.s001){ref-type="supplementary-material"} lists the full set of analytes. In addition, all metabolite data can be browsed and downloaded from our database, the "Fruits Omics Database" (<http://www.tr.yamagata-u.ac.jp/~oikawa/oikawa/GLPDB%202/GLPDB_E/index.html>).

Annual changes in the pear fruit metabolome {#sec014}
-------------------------------------------

The orchard-grown fruit used in this study was exposed to annual and seasonal changes in weather. We performed metabolomic analyses of pear fruits for 2 years, 2010 and 2011, to investigate annual/seasonal differences in pear fruit metabolites. PCA of the metabolomic data obtained from samples from 2010 and 2011 was used to visualize these changes ([Fig 2](#pone.0131408.g002){ref-type="fig"}). Because pre-B samples were not obtained in the 2010 experiments, only B and post-B data points were compared. When visualizing the PCA, multivariate metabolome data are represented in two dimensions. Each circle in the figure represents one sample, and the distance between two circles indicates the similarity of metabolite varieties and amounts in the respective samples. Therefore, closer circles represent greater similarity. As shown in [Fig 2A](#pone.0131408.g002){ref-type="fig"}, PCA showed large differences between the samples from the time of B and the samples from either at 2WAB or 1MAB. In this PCA, samples obtained from 2MAB to 1MAH were not separated. Therefore, we again performed PCA using data of samples from 2MAB to 1MAH ([Fig 2B](#pone.0131408.g002){ref-type="fig"}). At most sampling points, there were differences between the 2010 and 2011 data, representing annual differences. However, these annual differences were smaller than the seasonal differences among sampling points. The first principal component in [Fig 2B](#pone.0131408.g002){ref-type="fig"} shows the changes in metabolite levels during ripening (1MAH). Metabolites with high positive loading scores on this axis, including glucose, ABA, and Pro, were inferred to be factors associated with ripening.

![Principal component analysis (PCA) of metabolome data.\
(a) Data obtained from pear fruits after blooming in 2010 (open circles) and 2011 (closed circles). The horizontal and vertical axes represent principal component 1 (PC1, contribution ratio 45.7%) and 2 (PC2, 18.1%), respectively. (b) Data for pear fruits from 2MAB onward during the same 2 years. The horizontal and vertical axes represent PC1 (33.9%) and PC2 (14.9%), respectively.](pone.0131408.g002){#pone.0131408.g002}

Metabolite classification based on patterns of variation during development and ripening {#sec015}
----------------------------------------------------------------------------------------

HCA of the 2011 metabolomic data was used to characterize seasonal changes ([Fig 3](#pone.0131408.g003){ref-type="fig"} and [S1 Fig](#pone.0131408.s001){ref-type="supplementary-material"}). We then classified all analytes into six groups (A to F) according to patterns of time-dependent changes in metabolite levels ([Fig 3](#pone.0131408.g003){ref-type="fig"}). Detailed descriptions of each group and some of their metabolites follow and include data from 2010 where available. After analyzing the seasonal changes and classifying the studied metabolites, we chose representative metabolites from each group (the underlined metabolites in [Fig 3](#pone.0131408.g003){ref-type="fig"}) to document the 2010--2011 annual differences at and following the time of B, as shown in [Fig 4](#pone.0131408.g004){ref-type="fig"} (panel labels A--F correspond to group labels A--F). The annual differences were substantially smaller than the seasonal differences. Moreover, plant hormone levels changed in developing pear fruits harvested in 2010 and 2011 ([Fig 5](#pone.0131408.g005){ref-type="fig"}). The metabolic dynamics of four sugars, starch, and citrate detected in this study are also shown in [Fig 6](#pone.0131408.g006){ref-type="fig"}.

![Hierarchical cluster analysis (HCA) of metabolome data of pear fruits from 2WBB to 1MAH in 2011.\
Yellow and blue colors represent higher and lower amounts of metabolites, respectively. Details of HCA are shown in [S1 Fig](#pone.0131408.s001){ref-type="supplementary-material"} Depending on the variation patterns of metabolite amounts, detected metabolites were classified into 6 groups, A to F. The enlarged figures show HCA results of four representative metabolites in each group. The detailed changes in the amounts of the underlined metabolites in the enlarged graphs are shown in [Fig 4](#pone.0131408.g004){ref-type="fig"}.](pone.0131408.g003){#pone.0131408.g003}

![Amounts of representative metabolites of each group.\
Panels A to F correspond to groups A to F as presented in [Fig 3](#pone.0131408.g003){ref-type="fig"}. Closed and open circles indicate 2010 and 2011 samples. Error bars indicate standard deviations of three replicates.](pone.0131408.g004){#pone.0131408.g004}

![Time-course changes in amounts of plant hormones in developing and ripening pear fruits.\
Closed and open circles indicate 2010 and 2011 samples. Abbreviations: SA, salicylic acid; JA, jasmonic acid; JA-Ile, jasmonic acid Ile conjugate; ABA, abscisic acid; GA1, gibberellin A1; GA4, gibberellin A4; IAA, indole acetic acid; BL, brassinolide; CS, castasterone; tZ, *trans*-zeatin; DHZ, dihydrozeatin; iP, isopentenyladenine; tZR, *trans*-zeatin riboside; DHZR, dihydrozeatin riboside; iPR, isopentenyladenine riboside.](pone.0131408.g005){#pone.0131408.g005}

![Changes in amounts of sugars, starch, and citrate.\
Closed and open circles indicate 2010 and 2011 samples. Error bars indicate standard deviations of three replicates.](pone.0131408.g006){#pone.0131408.g006}

### Groups A and B {#sec016}

The levels of metabolites that were classified into group A showed marked decreases from 2WBB and no increase after the time of B. This group included some free amino acids such as His, Ser, *O*-acetyl Ser, Arg, and Gln and plant hormones such as indole-3-acetic acid (IAA), jasmonic acid (JA), and JA-isoleucine (JA-Ile). In contrast, the levels of metabolites in group B peaked at the time of B, and decreased markedly thereafter. This group could be differentiated from group A only in the 2011 data because the main difference between the two was in the levels of pre-B metabolites. Group B contained free hydrophobic amino acids such as Phe and Val, conjugated phenylpropanoids, including chlorogenate and procyanidin, and many sugar phosphates.

### Group C {#sec017}

These analytes were characterized by rapid increases in the levels of metabolites after B, followed by moderate to rapid decreases. The periods when these metabolite levels increased (2WAB and 1MAB) corresponded roughly to the periods of fruit cell division and seed formation. Simple phenylpropanoids such as quinate and (epi)catechin; polyamines, including spermine and putrescine; and a principal organic acid in pear fruits, malate, were classified in this group.

### Group D {#sec018}

In general, the levels of metabolites in group D peaked transiently around 3--4MAB and declined rapidly thereafter; however, unexpected variations were also noted in this group (note the high standard error at 3MAB in [Fig 4D](#pone.0131408.g004){ref-type="fig"}). The accumulated metabolites were undetectable in the ripening fruits at 1MAH. This group included sulfur-containing metabolites such as Met, Cys, and GSH as well as starch. To test the hypothesis that these amino acids are used for protein synthesis in ripening fruits, we quantified the sulfur-containing amino acids originating in proteins (Met and Cys) as well as the total protein contents in the 2011 samples both after B and around the time of H. Changes in the levels of free and protein-derived Met and Cys are shown in [Fig 7](#pone.0131408.g007){ref-type="fig"} in addition to the total protein content in the pear fruit at 3 and 4 months after B, at the time of H, and 1 month after H. The levels of free Met and Cys decreased, whereas protein-derived levels increased during ripening, suggesting that free Met and Cys are used to synthesize protein during this period. At the same time, total protein also accumulated during ripening. However, our data did not permit determination of the amount of free Met and Cys that contribute to protein accumulation in ripened fruits.

![Protein and sulfur-containing amino acid levels in pear fruits.\
(A) Amounts of free and protein-derived Met and Cys in pear fruits at 3MAB, 4MAB, H, and 1MAH. Closed and open circles and triangles represent free and protein-derived Met and Cys, respectively. (B) Total protein amounts in pear fruits at the same sampling times as (A). Error bars indicate standard deviations of three replicates.](pone.0131408.g007){#pone.0131408.g007}

### Group E {#sec019}

The levels of group E metabolites changed synchronously with fruit weight (see [Fig 1](#pone.0131408.g001){ref-type="fig"}). Group E included sugars derived from starch degradation, such as glucose. Sorbitol, a translocated sugar alcohol found in rosaceous fruits, was also classified in this group.

### Group F {#sec020}

The metabolites in this group were separated into two subgroup; those that increased particularly in ripening fruits and those that accumulated both before B and during ripening. ACC and ABA represent the former subgroup. Proline is characteristic of the latter subgroup.

Changes in concentrations of plant hormones in developing and ripening pear fruits {#sec021}
----------------------------------------------------------------------------------

Because plant hormones regulate morphogenesis, including seed formation and ripening, we analyzed variation in the concentrations of various plant hormones that were detectable in pear fruits over time. The equipment detected 15 plant hormones, including one auxin, six cytokinins, two gibberellins, one abscisic acid, one salicylic acid, two jasmonic acids, and two brassinosteroids. Changes in the concentrations of these plant hormones during development and ripening of the pear fruits were quantified ([Fig 5](#pone.0131408.g005){ref-type="fig"}). It is more difficult to analyze plant hormones quantitatively than other metabolites because of the very small quantities that are naturally present and the relative ease with which environmental and/or artificial stimuli induce variations in hormone levels. These features are represented in the data as wide variations in concentrations that were detected within the same time group. However, with the exception of these deviations, certain dynamic characteristics were evident during fruit development and ripening ([Fig 5](#pone.0131408.g005){ref-type="fig"}). Several plant hormones, including IAA, accumulated before B and decreased drastically after B. Majority of plant hormones showed very low levels until H, and only ABA and brassinosteroid levels increased after H. In addition to ABA, certain other plant hormones showed unexpected and interesting accumulation patterns in the pear fruit ([Fig 5](#pone.0131408.g005){ref-type="fig"}). Although few data exist to explain the purpose of these hormone accumulations, particularly the very high accumulation of IAA before B and the increase in brassinosteroid levels after H, our data suggest novel roles for plant hormones in fruit development and ripening.

Discussion {#sec022}
==========

Conventional metabolite analyses of fruits have focused on several metabolites associated with bioactivity, such as plant hormones \[[@pone.0131408.ref016], [@pone.0131408.ref017]\], or fruit color and/or taste, such as anthocyanins or sugars \[[@pone.0131408.ref018], [@pone.0131408.ref019]\]. Recently, metabolomic data have been reported for tomato \[[@pone.0131408.ref020], [@pone.0131408.ref021]\], peach \[[@pone.0131408.ref022]\], strawberry \[[@pone.0131408.ref023], [@pone.0131408.ref024]\], and grape \[[@pone.0131408.ref025], [@pone.0131408.ref026]\]. These comprehensive studies revealed that there are dynamic variations in the levels of many metabolites, including amino acids, sugars, organic acids, and phenylpropanoids, during fruit development. In addition to quantifying these metabolites in pear fruits, we quantified the levels of various plant hormones, including trace levels of brassinosteroids. This broad-spectrum target analysis was accomplished through a combination of multiple analytical techniques, CE-TOF MS, LC-TOF MS, LC-tripleQ MS, and HPLC, to achieve a survey of pear fruit metabolites that was as comprehensive as possible. More than 250 metabolites were detected in samples from developing and ripening pear fruits, which was a number equal to the maximum number of metabolites that was studied in previous fruit metabolome analyses. Addition of further analytical instruments such as a GC-MS, which is suitable for the comprehensive analysis of volatiles, would permit compilation of an even more comprehensive metabolome dataset.

The asynchronous variation of amino acid levels in pear fruits during fruit development and ripening suggested that amino acids play various roles, depending on their biological properties. For example, Phe is an initial compound in the process of phenylpropanoid biosynthesis (including flavonoids) and in our study it was observed to accumulate until B (group B). Following the sharp decrease in Phe after B, the level of simple phenylpropanoids such as (epi)catechin increased (group C), suggesting that some of these phenylpropanoids were synthesized from the previously accumulated Phe. At the same time, quinate, a precursor of chlorogenate with caffeate, also accumulated. Interestingly, conjugated phenylpropanoids such as procyanidin and chlorogenate were also classified in group B. These conjugated phenylpropanoids appeared to be biosynthesized and accumulated in pear fruits prior to B, and were then degraded into quinate and simple phenylpropanoids following B, thereby contributing to their accumulation. The roles of these simple phenylpropanoids in fruit after B remain to be determined.

Changes in the amounts of organic acids, which are also essential to fruit taste, in developing and ripening pear fruits were different from those reported in other fruits. Malate, an abundant organic acid in pear fruits, showed a gradual increase until 1MAB, after which it decreased ([Fig 4C](#pone.0131408.g004){ref-type="fig"}). Pear fruits contain considerable amounts of citrate, although in developing fruits the level of citrate was approximately one tenth that of malate. In this study, citrate amounts were found to decrease toward harvest, although the amounts in pear fruits harvested in 2011 were higher than those in 2010 ([Fig 6](#pone.0131408.g006){ref-type="fig"}). In tomato, the amount of malate during fruit development changed in a manner similar to that in pear fruits. However, citrate increased markedly during the late developmental stages \[[@pone.0131408.ref021]\]. Furthermore, in strawberry, both malate and citrate showed simple increases with advancing fruit maturity \[[@pone.0131408.ref023]\]. The level of malate in developing peach fruits did not change significantly, whereas citrate showed complex variations in both developing and ripening fruits. The amount of citrate increased after B until approximately 2 weeks before H, then decreased until 3 days after H, and then increased 5 days after H \[[@pone.0131408.ref022]\]. Such differences between fruits suggest that dynamic changes in the levels of organic acids can be used to characterize each fruit.

Levels of sulfur-containing amino acids, Cys and Met, accumulated transiently at 3--4MAB ([Fig 3](#pone.0131408.g003){ref-type="fig"}, group D). This phenomenon has not been reported in previous fruit metabolome studies. In tomato, strawberry, peach, and grape, the levels of Met did not change significantly \[[@pone.0131408.ref021]--[@pone.0131408.ref023], [@pone.0131408.ref025]\]. Indeed, in these studies, the levels of Cys during development were either unchanged or undetectable. Results from the protein-derived amino acid and total protein analyses suggested that the accumulated free Cys and Met were used for protein synthesis.

Met is a precursor in the synthesis of ethylene, a gaseous signaling molecule associated with ripening, particularly in climacteric fruits. The increase persisted into 1MAH in the 2011 samples, albeit with high variability, but decreased sharply in the 1MAH samples of the 2010 fruit. Therefore, although some of the Met used for ethylene biosynthesis is recycled by the methionine salvage pathway \[[@pone.0131408.ref027]\], the decrease in Met in the pear fruits toward H may be associated with the biosynthesis of ethylene, either instead of or in addition to protein synthesis. In fact, in our study, the levels of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) markedly increased in pear fruits after and at the time of H ([Fig 8](#pone.0131408.g008){ref-type="fig"}). Some of the accumulated Met is assumed to be used for ethylene biosynthesis via ACC. However, met accumulation was not observed before H in tomato or peach, which are also climacteric fruits \[[@pone.0131408.ref021], [@pone.0131408.ref022]\]. The possibility also exists that the accumulation of Met is a species-specific phenomenon. However, we have no metabolomic data for pear cultivars other than the 'La France' used in this study.

![ACC levels in pear fruit during development and ripening.\
Closed and open circles indicate 2010 and 2011 samples. Error bars indicate the standard deviations of three replicates.](pone.0131408.g008){#pone.0131408.g008}

The Cys-containing tripeptide glutathione (GSH) showed a variation pattern similar to that of Cys ([Fig 3](#pone.0131408.g003){ref-type="fig"}). In plants, GSH plays various roles and is involved in redox homeostasis, detoxification of toxic xenobiotics, regulation of the cell cycle, and storage of organic sulfur \[[@pone.0131408.ref028], [@pone.0131408.ref029]\]. The temporal accumulation of GSH may reflect these roles in pear fruits. In addition to studies in multiple pear varieties, future metabolomic analyses of other developing fruits may reveal the biological significance of the accumulation of sulfur-containing amino acids in fruits.

Sugars are important determinants of fruit quality. In our study, the levels of fructose and glucose were found to increase continuously after 2MAB ([Fig 6](#pone.0131408.g006){ref-type="fig"}). Given that starch in pear fruits transiently accumulates from 2MAB to 4MAB, the increases observed in fructose and glucose until 4MAB are probably because of both translocation from leaves and the degradation of starch. In contrast, increases in these sugars and in sucrose at the time of H and 1MAH ([Fig 6](#pone.0131408.g006){ref-type="fig"}) could be exclusively because of starch degradation. The concentration of sorbitol increased continuously from 2MAB to the time of H and then decreased in ripening fruits ([Fig 6](#pone.0131408.g006){ref-type="fig"}). Sorbitol dynamics in pear fruits could be because of an increase resulting from translocation in the developing stage, with a decrease caused by the removal of fruits from a branch during the time of H. The varying patterns of sugars during fruit development identified in this study are similar to those observed in other fruits \[[@pone.0131408.ref021]--[@pone.0131408.ref023]\].

In climacteric fruits, ethylene is a key plant hormone associated with fruit ripening. However, some reports have implicated ABA in fruit development and ripening in non-climacteric fruits such as strawberry \[[@pone.0131408.ref003], [@pone.0131408.ref030]\]. Ripening fruits also accumulate sugars such as sucrose, leading to increased osmotic pressure and loosening of the cell walls, a phenomenon exacerbated by water loss in fruits after H. These stresses induce ABA or Pro accumulation in plants \[[@pone.0131408.ref031]--[@pone.0131408.ref033]\]. Therefore, the accumulation of ABA and Pro in pear fruits after H may be associated with osmotic stresses and/or fruit ripening. A time-course analysis of plant hormones in non-ripening climacteric fruits such as tomato, and non-climacteric fruits such as peach, may potentially reveal the roles of ABA in fruit development and ripening.

We also observed specific increases in brassinosteroid levels during pear fruit ripening. In previous reports, brassinosteroids have been suggested to be involved in the ripening of tomato pericarp and grape berry \[[@pone.0131408.ref034], [@pone.0131408.ref035]\]. Our data may also show novel physiological roles of brassinosteroids in fruit ripening.

Fruits are a very palatable and important as well as relatively low-cost source of nutrition. Horticultural scientists accordingly use genetic approaches to improve fruit qualities such as yield, color, taste, and disease resistance. Quantitative trait locus (QTL) analysis is a powerful tool that is used to identify markers for breeding purposes when further knowledge of the underlying genes is lacking \[[@pone.0131408.ref036]\]. Metabolomic data are also used for QTL analysis using a variant called mQTL \[[@pone.0131408.ref037]--[@pone.0131408.ref040]\]. Although the pear genome was sequenced very recently \[[@pone.0131408.ref041]\], detailed functional analysis of most genes is still lacking. In the near future, this metabolomic data may help to advance the mQTL analysis of pears, thus speeding up the development or identification of new ways to develop improved pear cultivars.

We used the most popular pear cultivar in Japan, \"La France.\" Other cultivars that show different phenotypes such as skin color and taste may also differ in metabolic dynamics during maturation and ripening, given that the skin color and fruit taste are directly connected to amounts of metabolites such as carotenoids or sugars. Therefore, other cultivars with color and taste differing from those of 'La France' probably have different varieties and dynamics of metabolites. In addition to annual changes, future studies using other pear cultivars will clarify more comprehensively the dynamics of metabolites in developing and ripening pear fruits.

Conclusion {#sec023}
==========

We described the metabolomic changes occurring in developing and ripening pear fruits. The variations of several metabolites, including sugars, organic acids, some amino acids such as Phe and Pro, and ABA were similar to those in previous reports. However, unexpected changes in the amounts of sulfur-containing amino acids and brassinosteroids may imply novel physiological roles of their metabolites in the development and ripening of pear fruits. Compared to other rosaceous fruits that display dynamic changes in metabolites during development and ripening, some metabolites in pear fruits showed similar accumulation patterns. However, specific dynamics of metabolites also appeared in pear fruits. Future studies using other fruits will reveal the dynamic changes of metabolites in developing and ripening fruits.

Supporting Information {#sec024}
======================

###### Hierarchical cluster analysis (HCA) of metabolome data of pear fruits from 2WBB to 1MAH in 2011.

Yellow and blue colors represent higher and lower amounts of metabolites, respectively.

(JPG)

###### 

Click here for additional data file.
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